Quantum memories for light will be essential elements in future long-range quantum communication networks. These memories operate by reversibly mapping the quantum state of light onto the quantum transitions of a material system. For networks, the quantum coherence times of these transitions must be long compared to the network transmission times, approximately 100 ms for a global communication network. Due to a lack of a suitable storage material, a quantum memory that operates in the 1550 nm optical fiber communication band with a storage time greater than 1 us has not been demonstrated. Here we describe the spin dynamics of 167 Er 3+ : Y 2 SiO 5 in a high magnetic field and demonstrate that this material has the characteristics for a practical quantum memory in the 1550 nm communication band. We observe a hyperfine coherence time of 1.3 seconds. Further, we demonstrate efficient optical pumping of the entire ensemble into a single hyperfine state, the first such demonstration in a rare-earth system and a requirement for broadband spin-wave storage. With an absorption of 70 dB/cm at 1538 nm and Λ transitions enabling spin-wave storage, this material is the first candidate identified for an efficient, broadband quantum memory at telecommunication wavelengths.
Quantum memories for light will be essential elements in future long-range quantum communication networks. These memories operate by reversibly mapping the quantum state of light onto the quantum transitions of a material system. For networks, the quantum coherence times of these transitions must be long compared to the network transmission times, approximately 100 ms for a global communication network. Due to a lack of a suitable storage material, a quantum memory that operates in the 1550 nm optical fiber communication band with a storage time greater than 1 us has not been demonstrated. Here we describe the spin dynamics of 167 Er 3+ : Y 2 SiO 5 in a high magnetic field and demonstrate that this material has the characteristics for a practical quantum memory in the 1550 nm communication band. We observe a hyperfine coherence time of 1.3 seconds. Further, we demonstrate efficient optical pumping of the entire ensemble into a single hyperfine state, the first such demonstration in a rare-earth system and a requirement for broadband spin-wave storage. With an absorption of 70 dB/cm at 1538 nm and Λ transitions enabling spin-wave storage, this material is the first candidate identified for an efficient, broadband quantum memory at telecommunication wavelengths.
Any future globally deployed quantum communication network [1, 2] will require nodes connected by optical fiber. To minimize transmission loss and maintain high data throughput, all elements of such a network, particularly quantum repeater nodes, should transmit in one of the low loss telecom bands for optical fiber at 1310 and 1550 nm. In its simplest implementation, a quantum repeater relies on an efficient, long-lived quantum memory [3] .
Developing such a memory has proven very challenging. None of the proposed systems that operate directly in the low loss telecom band have the potential for long-term storage [4, 5] . For this reason, more complex ways of interfacing these candidate quantum memories with telecom are being investigated, including frequency conversion [6] [7] [8] [9] or nondegenerate photon pairs [10] [11] [12] [13] [14] .
One of the most promising candidate memory systems * Corresponding author: (milos.rancic@anu.edu.au)
is rare earth ions in solids. The potential for developing practical memories in these systems has been highlighted through a series of recent demonstrations using non-Kramers ions (ions with an even number of electrons). Crystals doped with either praseodymium or europium have demonstrated storage on long lived spin states [15] [16] [17] , multimode storage [15, 18] , large efficiencies [19, 20] and hyperfine coherence times of 6 hours using the Zero First Order Zeeman (ZEFOZ) technique [21] . These demonstrations were successful because the electronic angular momenta of non-Kramers ions can be quenched by the crystal field for sites with sufficiently low symmetry. Therefore, these ions can exhibit the long ground-state hyperfine lifetimes necessary for efficient optical spin pumping and long hyperfine coherence times. These properties are key to the successful operation of efficient, long lived quantum memories. Unfortunately for communication applications, none of the non-Kramers ions have suitable optical transitions in any of the fiber telecom bands.
Compatibility with the telecom bands is offered by Kramers ions, with an odd number of electrons. In particular, erbium has an optical transition in the telecom band at 1538 nm. However, it is much more difficult to make quantum memories with Kramers ions, and not a single Kramers system has demonstrated an on-demand quantum memory. The root of the difficulty is that, unlike for nonKramers ions, the electronic magnetic moment of Kramers ions cannot be quenched by a crystal field as they possess a half-integer spin. For these ions there is a rapid electronic spin relaxation which shortens the hyperfine state lifetimes. Baldit et al. found the hyperfine state lifetimes to be limited to 100 ms when demonstrating electromagnetic induced transparency in 167 Er 3+ :Y 2 SiO 5 [22] . This is similar to the electron spin lifetime [23] and only an order of magnitude longer than the optical excited state lifetime, making efficient optical spin pumping very difficult. While some other Kramers ions such as Nd offer shorter optical lifetimes and so slightly improved spin pumping, the electron-spin limit on the hyperfine lifetime is still very short (100ms) preventing long term storage [24] . In comparison, the hyperfine lifetimes for Pr 3+ :Y 2 SiO 5 and Eu 3+ :Y 2 SiO 5 are 5 minutes and 23 days respectively [25, 26] .
Nevertheless, the advantage of direct telecom compatibility means there has been considerable work towards developing quantum memories using erbium. Instead of storing on spin states, this work has largely focused on storing on arXiv:1611.04315v2 [quant-ph] 26 Apr 2018 the optical transitions. Atomic Frequency Comb (AFC) delay lines have delayed quantum states of light in Er doped glass fiber [5] , however, the efficiency was limited to ∼ 1 % and the storage time to 50 ns. Weak coherent states have also been stored in crystals using a two-level Gradient Echo Memory (GEM) technique with an efficiency of 0.25%. The fidelity of the recalled state in this demonstration was, however, well below the non-classical limit [27] . For both these demonstrations the inefficiency of the optical pumping of the ground state electron spin levels was identified as limiting the memories' efficiency. To avoid this limitation, new on-demand memory techniques not requiring optical pumping to initialize the ensemble have been proposed [28, 29] and demonstrated [29] . Although the latter technique has shown significantly higher efficiencies, up to 40% , the storage times are still limited by the optical coherence time and quantum storage has yet to be demonstrated. Currently, there is no proposed strategy to achieve the fidelities and storage times required for quantum repeater applications [30] without using long lived hyperfine states.
Here, we investigate the hyperfine spin dynamics of 167 Er 3+ :Y 2 SiO 5 in the presence of a large magnetic field, with the aim of increasing both the hyperfine lifetime and coherence time to be comparable to non-Kramers systems. As mentioned above, the hyperfine lifetime is short because it is coupled to the electron spin, which itself flips rapidly due to coupling to the lattice and to other electron spins. In order to increase the hyperfine lifetime, therefore, it is necessary to slow the electron spin flips. Böttger [31] . The field decreases both the electronic spin-lattice coupling and electronic cross-relaxation. The spin-lattice is turned off because, with the electron spin splitting much larger than kT, the energy density of available phonons is low (see Figure 4) . In other words, the electron spin is frozen into the lower spin state. This also turns off the cross-relaxation, since there are no ions in the upper spin state for the polarised ions to cross-relax with. Although the spin is frozen, the lifetime of the excited electron spin state is, in fact, shorter than at low field because of the large density of empty phonon modes available for an excited spin to decay into. This short lifetime has limited the usefulness of this technique for previous memory demonstrations [27, 32] . However, these demonstrations worked with the I = 0 Er isotopes, and here we show that the situation is very different for 167 Er with I = 7 /2. Once the electron spin is frozen in the lower ground state, the hyperfine levels associated with this state can have extremely long lifetimes and coherence times.
The material used for this investigation was a 0.005% doped 167 Er 3+ :Y 2 SiO 5 crystal, enriched to 92% isotopic purity. The Er ions substitute for Y ions in two non-equivalent C 1 symmetry sites, and this work used the site labelled 'site 2' [33] . To most easily access the regime where the electron spin was frozen, the magnetic field was applied along a direction with a large ground state Zeeman splitting, the D 1   2   0   796  810  831  862  898  943   889  903  918  935  953  972  994 
optical extinction axis (214 GHz/T).
The ground state hyperfine structure was studied optically by exciting the 4 I 15/2 → 4 I 13/2 optical transition between the two spin-down projections of the lowest crystal field levels, at a wavelength of 1538 nm (see supplementary materials for the energy level structure). In a field of 7 T, the Zeeman splitting of the electronic spin projections is more than sufficient to resolve this transition. With a nuclear moment of I = 7 /2, 167 Er exhibits eight hyperfine spin states m I = | − 7 /2 , ··· ·, | +7 /2 and the entire system studied comprises sixteen energy levels, as shown Figure 1 a) . The hyperfine energy spacings were obtained by hole-burning measurements (see supplementary materials).
The absorption spectrum of the optical transition is shown in Figure 1 and 1 transitions. The splitting between bands is 1 GHz, and they can still be resolved at fields as low as 1 T. The absorption spectrum was fitted with a population model, shown in the figure, based on the measured energy level structure and including the contribution of I = 0 impurity isotopes. The fitted lineshape was a Voigt profile with equal Gaussian and Lorentzian contributions and a linewidth of 150 MHz. The fit was used to determine the oscillator strengths of each hyperfine transition. Whilst the strongest optical transitions have ∆m I = 0, there is appreciable oscillator strength in the fourteen ∆m I = ±1 transitions. Relative to the ∆m I = 0 transitions, the oscillator strengths for ∆m I = −1 (+1) start at approximately 25% (31%) for transitions involving the | − 7 /2 states, and decrease linearly to about 2.5% (3.1%) for the | + 7 /2 states. The decrease can be attributed to a difference in mixing between hyperfine levels across the series.
With the ∆m I = −1 and +1 bands clearly resolved, pumping of the nuclear spin into a single state is possible through frequency selection. By exciting only the seven ∆m I = +1 transitions (the peak at 3 GHz in Figure 1 b), we were able to pump 95 ± 3% of the 167 Er population into the | + 7 /2 hyperfine ground state. This results in a nearly eight-fold increase in the already high optical depth of this transition. Such a high optical depth is difficult to measure accurately with traditional absorption spectroscopy, and instead Amplitude Modulation (AM) spectroscopy was used. This method is sensitive to both the absorption and the phase shift of the transmitted light, allowing a more accurate determination of the optical depth (for more detail, refer to the Materials and Methods section).
The resulting spectrum is shown in Figure 2 . Also shown in this figure is the model fitted to the spectrum to obtain the optical depth, and the resulting absorption lineshape. This absorption line has two components -a shoulder at arrow B due to the impurity isotopes, and a central peak at A due to ions in the m I = | + 7 /2 state. The AM spectrum for this peak has a central dip due to the changing phase of the transmitted light as the laser was swept through the highly absorbing peak. At this frequency the absorption was determined to be 70 ± 4 dB/cm.
When hole-burning at the frequency of arrow A, the blue spectrum in the inset of Figure 2 is observed. The hole and anti-holes demonstrate that spin-pumped population is shifted into | + 5 /2 , | + 3 /2 and | + 1 /2 hyperfine levels via the ∆m I = −(1, 2 & 3) optical decay paths.
The efficiency of the spin-pumping (95 ± 3%) was measured by the fitting the model to only the ∆m I = −1 transitions, where the decreasing trend in oscillator strengths and low absorption improve the accuracy of the population estimate. The ability to polarize the 167 Er ensemble into a single hyperfine state opens the path towards several highbandwidth memory techniques, which are discussed later.
Once the 167 Er ensemble is pumped into the | + 7 /2 hyperfine state, the population slowly relaxes to thermal equilibrium via spin-lattice coupling. Three main processes can contribute to this relaxation: the one-phonon direct process, and the two-phonon Raman and Orbach processes [34] .
A general expression for the relaxation is:
where f is the ground state electronic splitting. To first order, these processes only cause decay through the ∆m I = ±1 hyperfine transitions. This allowed us to model the population dynamics as a series of coupled rate equations, with the same coupling rate γ between all adjacent hyperfine states (see supplementary materials for more information). This population-dynamics model accurately fit the recorded time series of spectra, hence supporting the assumptions of the dynamics.
The resulting time dependence of the spin-lattice relaxation rate is shown in Figure 3 . The figure shows an exponential increase in T 1 from 2.2 → 1.8 K. This agrees with the exponential reduction in high energy phonons associated with the Orbach process. Meanwhile, the plateau Crystal temperature (K) Decay constant (sec) Figure 3 . The decay rate of 167 Er 3+ nuclear spin polarization as a function of temperature, in a field of 7 T. The value of γ −1 is the hyperfine population decay rate (T 1). x-axis error bars show the maximum temperature variation during the measurement. y-axis error bars are given by the fit whose Root Mean Square Deviation (RMSD) is twice as large as the RMSD of the optimal fit to the spectrum.
in transition lifetimes below 1.8 K can be attributed to the direct phonon process. Fitting Equation 1 to the low temperature data gave direct and Orbach coefficients of γ d = 9 × 10 −4 s −1 .K −1 and γ or = 8 × 10 −30 s −1 .Hz −3 respectively. Above 2.6 K, the plateau in lifetimes indicates the presence of a phonon bottleneck, limiting the rate of hyperfine relaxation [34] , which was not included in the model.
The other important decay mechanism in this system is hyperfine spin-spin cross-relaxation. This process is masked in the previous measurement because it does not redistribute the hyperfine populations, and therefore does not change the population envelope. However, it will affect any measurements operating on a sub-group of the entire ensemble, in particular spectral holeburning, which is a vital component of many quantum memory applications. Therefore, it is important to characterize the cross-relaxation process.
We studied hyperfine cross-relaxation by measuring the lifetime of a spectral hole burnt in the unpolarized spin ensemble as a function of magnetic field. As shown in Figure  4 , the hole lifetime is short for fields below 3 T. In this regime, the electron spin is not yet frozen and electron spin effects dominate the hole lifetime. There is a small peak in the lifetime at 0.1 T, corresponding to the field where the electronic Zeeman splitting is large enough that electron spin cross-relaxation has been slowed, but where the phonon energy density is still low. As the phonon density increases, the lifetime drops, increasing only as the density drops back down near zero at around 3 T. [33] . y-axis error bars are the standard error in the fit to each point.
T, hyperfine cross-relaxation dominates the hole lifetime, leading to a maximum lifetime of about 70 s. The hole lifetime does vary with field above 3 T, which is not expected in a simple model of resonant hyperfine cross-relaxation. We attribute the variation to the existence of fields where the detuning between different Er hyperfine transitions can be bridged through hyperfine cross-relaxation mediated by the high concentration of nuclear spin-1 /2 Y ions.
These measurements were performed in an unpolarized spin population. In a polarised system, faster cross relaxation will occur for holes burnt into ∆m I = ±1 states, but if population is transferred to states with ∆m I = ±2 or higher the cross relaxation will be much slower than seen here.
We have shown that applying a large magnetic field freezes out the electron spin dynamics. This results in a much quieter magnetic environment in the crystal. Since magnetic field fluctuations typically dominate the hyperfine coherence time, this should lead to a substantial increase in the coherence time from its zero field value of 1 µs [22] .
We investigated the coherence time on the | −7 /2 ↔ | − 5 /2 ground state transition at 7 T using an all-optical Raman echo technique. With this pulse sequence, coherence between hyperfine states is established and manipulated via a common optical excited state, rather than by direct magnetic resonance. The decay of the echo amplitude with time is shown in Figure 5 . Below 1 second, the decay is subexponential, and the e −1 decay time is T 2 (echo) = 1300 ± 10 ms.
With the electron spin frozen, this coherence time will be dominated by the dynamics of the nuclear spins in the crystal, principally the spin− 1 /2 Y ions. These dynamics are substantially altered from those in undoped Y 2 SiO 5 . The large magnetic field of the Er ion creates a large frozen core of Y spins whose frequencies are detuned from the bulk [35, 36] . This means that the spin flips of those Y ions having the biggest impact on the Er ion are slowed substantially, resulting in a much longer coherence time than expected if all spins were flipping at the bulk rate (3.6 ms, see supplementary materials for this calculation). The spectral diffusion caused by the slow spin flips of the frozen core also leads to the non-exponential shape to the echo observed in Figure 5 .
Here, we have shown that applying a large magnetic field of 7 T can extend the hyperfine coherence time of Er to 1.3 seconds. In fact, Figure 4 indicates that a similar result could be achieved at fields as low as 3 T. 1.3 s is the longest coherence time obtained in any Kramers system, and is comparable to the longest coherence times obtained in nonKramers systems using the well-known ZEFOZ technique [21] . From a practical standpoint, the technique shown here has an advantage over ZEFOZ, since it does not require precise alignment of the magnetic field. This technique could be applied to achieve long coherence times in other Kramers ions considered for quantum memories such as Nd [12, 24, 37, 38] .
In the context of quantum repeater applications, the coherence time seen here is already sufficient for a large scale network. Razavi et al. show that a coherence time of 1 second is more than sufficient for a 1000 km repeater network, even without error correction [30] .
In addition to its long coherence time, 167 Er:Y 2 SiO 5 in the regime studied here has similar optical depth and optical pumping efficiency to Pr:Y 2 SiO 5 , the non-Kramers material most widely used for quantum memory demonstrations. It also has 100 times larger hyperfine splittings than Pr, which means that it should have larger memory bandwidths and reduced noise from off-resonant excitation during the memory protocol. Collectively, the parameters presented here suggest 167 Er will rival, or exceed, the performance demonstrated by non-Kramers memories.
This system could also be considered for applications requiring long term storage, i.e: a quantum 'hard-drive'. For this application, it should be possible to achieve a coherence time approaching the population T 1 limit (10 minutes) at 1.6 K and 7 T using ZEFOZ. To achieve this longer coherence time it is necessary to turn off the hyperfine crossrelaxation. Since cross-relaxation only strongly couples states with ∆m I = ±1, it can be eliminated by preparing storage qubits using non-adjacent hyperfine levels, for instance
Finally, the ability to efficiently pump the 167 Er ensemble into a single hyperfine state is crucial for high-bandwidth quantum communication. It paves the way for broadband Raman memory techniques which, until now, have been limited to atomic vapor systems [39] and potentially nitrogen vacancies in diamond [40] . Alternatively, spin-pumping allows for potentially GHz-bandwidth spin-wave storage using techniques already demonstrated in rare earth systems, such as GEM [19] and drastically improves the efficiency of AFC protocols [41] . Figure 1 of the supplementary materials) . Both the magnetic field and light propagating direction were parallel with the D 1 optical extinction axis. As there was only one cryostat window, the crystal was placed against a mirror, onto which the beam was focused with a 70 µm waist. The reflection down the D 1 axis gave a total absorption length of 6mm. The optical transitions were excited with a Thorlabs TLK-1550R laser, stabilized to a home-made fiber reference cavity with a 1 second linewidth less than 100 kHz. Intensity and frequency modulation of the light was achieved with a 10 GHz JDSU AM-EOM and detected with a Lab Buddy 10 GHz detector.
AM Spectroscopy
This method was based on detecting the optical beat between the sidebands and carrier of an EOM as a function of the modulation frequency. The RF modulation sweep was generated by a spectrum analyzer, which was also used for detection . This formed a closed modulation loop, as shown in Figure 1 of the supplementary materials. The optical sidebands were weak (∼ 1%) compared to the carrier power and the laser was kept far detuned (0.5 − 1 GHz) from the absorption.
This technique is phase sensitive, allowing for accurate measurement of large optical depths, and as the laser remains locked to the reference cavity spectra can be recorded in conjunction with precise optical pulses and sweeps.
Energy Structure and Spin Pumping
The hyperfine structure of the I 15/2 and I 13/2 states was determined at 7 T and 1.4 K through a series of holeburning measurements. A 0 to 4 GHz tunable RF source was used to generated a series of 20 spectral holes across 3 sets of measurements (see Supplementary Materials Section 3 for an example spectrum). Each spectrum was made by applying fixed frequency RF for 100 ms. The absorption spectrum was recorded by a 0.01 to 2.9 GHz RF scan with the tracking generator and RF input on the spectrum analyzer (50 ms scan, 1 MHz RBW).
To spin pump the ensemble into either the m I = | + 7 /2 or | −7 /2 hyperfine ground state, a Voltage Controlled Oscillator (VCO) was used to drive the EOM. A 3 second saw-tooth scan (100 ms rep rate) was performed over the ∆m I = −1 or +1 absorption bands respectively, with ∼2 mW of optical power in each sideband. The spin-pumped absorption spectrum was recorded once again using AM spectroscopy. Repeating this with the laser (carrier) frequency on either side of the absorption feature, it was possible to stitch two scans together to span more than 2.9 GHz.
Magnetic Field Dependence of Spectral Holes
Spectral holes were burnt into the center of the ∆m I = +1 absorption band, as it afforded higher optical depth than the ∆m I = −1 band and deeper spectral holes than the ∆m I = 0 band, which had isotopic impurities and excessive optical depth. Between 0 and 1.5 T, spectral holes were generated using a tunable RF source. Above 1.5 T, 10 MHz wide spectral trenches were burnt instead, as there was negligible spectral diffusion and long hole-burning lifetimes. This was achieved by sweeping the spectrum analyzer tracking generator output over 10 MHz for 10 seconds. The tracking generator output was centered at approximately 1.5 GHz to keep the laser carrier and second sideband off-resonant. The spectral features were measured using Phase Modulation (PM) spectroscopy.
Temperature Dependence of Spin Pumping
In a 7 T field, spin pumping into the m I = | + 7 /2 state was achieved using the same technique as described above. At each temperature, 4 to 5 spectra were recorded at time intervals spaced long enough to observe appreciable relaxation back to thermal equilibrium. For example, at 1.6 K, spectra were recorded after 10 seconds and (10, 20, 40, 80) minutes. See Section 5 of the Supplementary materials for example spectra.
Optical Raman Echoes
Optical pulses (π & π /2) were generated using the EOM sidebands and two RF generators tuned to 1155.3 MHz and 2150 MHz. The pulse lengths were optimized using two pulse optical echoes at either frequency, with 1.5 mW of optical power in each sideband. For the |I 15/2 , −5 /2 ↔ |I 13/2 , − 7 /2 transition (1155.3 MHz), the optimal π-pulse length is 4 ± 0.5 µs and for the |I 15/2 , − 7 /2 ↔ |I 13/2 , − 7 /2 a π-pulse was 1.5 µs (2150 MHz). This pair of transitions were chosen because they have the largest oscillator strengths, so shorter pulses could be used. The hyperfine spin ensemble was prepared by first pumping into the m I = | −7 /2 state with a VCO for 10 seconds, as described above. This was followed by applying a 100 µW pulse at 2150 MHz for 100 ms, to generate a 100 kHz wide absorption feature (anti-hole) in the m I = | − 5 /2 subgroup. After the pulse sequence, the echo that reformed at the wavelength of the 1150 MHz sideband was detected as a 1155.3 MHz optical beat between the sideband and the carrier. This RF signal was then mixed with a 1145.3 MHz RF source, and the 10 MHz beat signal was recorded. Note: The detected echo amplitude in this technique depends on the proportion of the initial ensemble transferred into the optical | − 7 /2 ↔ | − 7 /2 transition, which is determined by the probing power of sideband 2.
One advantage of this technique is that the bandwidth of the ∼ 1 µs optical pulses used is much larger than the inhomogeneous broadening of the hyperfine transition, and so the width of the echo envelope gives a direct measure of this inhomogeneous broadening. As shown in the inset to Figure 5 , the echoes had a FWHM of 7±1 µs, corresponding to an inhomogeneous linewidth of 130 ± 20 kHz.
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